This study focused on a Yunnan landrace of rice, Kunmingxiaobaigu, to identify quantitative trait loci (QTLs) controlling cold tolerance at the reproductive stage using DNA markers. A linkage map with 16 linkage groups covering 1,354.4 cM with a total of 122 markers was constructed based on an F 2 population consisting of 250 individuals of a cross between Kunmingxiaobaigu and a Japanese variety, Towada. Nine QTLs were detected by interval mapping in the F 2 population. The nine QTLs were distributed on chromosomes 1 (2 QTLs), 3, 4, 6 (2 QTLs), 7, 10 and 12. The total variance explained by these nine QTLs was 54.2 %, while the variance explained by a single QTL ranged from 5.0 % to 37.8 %. The validity of four QTLs on chromosomes 3, 6 (2 QTLs) and 7 was confirmed by single-marker analysis in the F 3 population and they were designated as qRCT3, qRCT6a, qRCT6b and qRCT7, respectively. The QTLs qRCT3, qRCT6a and qRCT6b were reported here for the first time. The QTL qRCT7 displayed the largest effect, reaching a value of 20.6 %.
Introduction
Rice (Oryza sativa L.) is one of the most important staple crops in the world, especially in Asia. Spikelet fertility and grain yield of common rice varieties decrease significantly if rice plants are exposed to a low temperature at their reproductive stage. Total fertile spikelet percentage (TFSP) has been used as an effective criterion to score the cold tolerance of rice at the reproductive stage, which includes the booting stage and the flowering stage (Dai et al. 1999a , Takeuchi et al. 2001 , Tanno et al. 1999 . This criterion has been used in many studies on cold tolerance and in cold tolerance breeding.
Results of genetic studies on cold tolerance of rice have led to different conclusions depending on the variety tested and on the developmental stage. Cold tolerance of rice at the reproductive stage has been shown to be controlled by four to seven loci in "Somewake" (Futsuhara and Toriyama 1966) but by only two loci in "Hayayuki" (Nishimura 1995) . "Norin-PL8", which was derived from the progeny of a backcross between the tropical japonica variety "Silewah" from Indonesia and the breeding line "Hokkai 241", was found to harbor two loci for cold tolerance (Abe et al. 1989) . A study on chromosomal location of quantitative trait loci (QTLs) for cold tolerance at the booting stage in "Norin-PL8" indicated that at least two regions on chromosomes 3 and 4 are responsible for the cold tolerance (Saito et al. 1995) . Takeuchi et al. (2001) identified three QTLs for cold tolerance using doubled-haploid lines derived from a cross between Akihikari and Koshihikari. These three QTLs were mapped to chromosomes 1, 7 and 11. The QTL on chromosome 7 explained 22.1 % of the total phenotypic variance. Andaya and Mackill (2003) identified QTLs for cold tolerance at the booting stage of the temperate japonica variety "M-202" distributed on chromosomes 1, 2, 3, 5, 7, 9 and 12, whose contribution to phenotypic variance ranged from 11 to 17 %.
Rice is sown in March and reaches the reproductive stage in July in Kunming, Yunnan Province, China, where the altitude is about 1,900 m and the average temperatures in July and August are 19.5°C and 19.2°C, respectively. Kunming is an ideal site to evaluate cold tolerance of rice at the reproductive stage (Dai et al. 1999a) . Collaborative studies conducted by researchers from Yunnan Academy of Agricultural Sciences, China and from Japan International Research Center for Agricultural Sciences led to considerable progress in improving the cold tolerance of rice varieties through the evaluation of rice genetic resources and breeding materials in Kunming. Forty-two rice varieties with cold tolerance, which have been grown in fields at altitudes up to 2,200 m (Ise et al. 1999) were eventually developed.
Yunnan Province is also considered to be one of the centers of rice genetic diversity (Cheng 1993 large number of varieties grown in these regions have been found to be tolerant to low temperature, particularly at the reproductive stage (Dai et al. 1999b , Tanno et al. 1999 . Kunmingxiaobaigu, which had been cultivated in Kunming, Yunnan Province for more than 300 years and may be an excellent variety (Cheng 1993) , was one of the most tolerant landraces to low temperature not only at the booting stage, but also at the flowering stage while Towada was one of the least tolerant varieties in the evaluation of cold tolerance conducted during the collaborative studies between Japan and China (Horisue et al. 1988) . In the present study, we analyzed the QTLs for cold tolerance at the reproductive stage, using the population from a cross between Kunmingxiaobaigu and Towada.
Materials and Methods

Plant materials and cold tolerance evaluation
An F 2 population consisting of 250 individuals was developed from a cross between temperate japonica varieties, Kunmingxiaobaigu and Towada. The F 2 population (abbreviated hereafter as F 2 ) was planted in a field of an experimental farm belonging to Yunnan Academy of Agricultural Sciences in Kunming in 1997. Heading date of each plant was recorded and transformed into growing days using the equation G = (INT(Hi)-7) * 31 + (Hi-INT(Hi)) * 100, where G denotes growing days while Hi denotes heading date.F 3 lines derived from the F 2 (abbreviated hereafter as F 3 ) with 20 plants in each line were planted in 1999 in the same field as that in which the F 2 had been planted. The mean TFSP of five panicles from a single plant in the F 2 population was used to score its cold tolerance at the reproductive stage. The mean TFSP of each line in the F 3 was used to evaluate the cold tolerance of the F 3 . The methods used were described in detail by Dai et al. (1999a) . R-value of the correlation coefficient between growing days and TFSP of plant was calculated using Excel (Microsoft).
DNA extraction and molecular marker analysis
Approximately equal amounts of leaf tissues from at least 20 plants of each F 3 line were sampled and bulked for DNA extraction. DNA was digested with 5 restriction endonucleases (BamHI, DraI, EcoRI, EcoRV and HindIII). Restriction fragment length polymorphism (RFLP) analysis, including digestion, Southern blotting and hybridization, was carried out using the method described by Liu et al. (1997) . RFLP markers used in the analysis were supplied by Cornell University (Causse et al. 1994) , Rice Genome Project of Japan (Harushima et al. 1998) , and National Agricultural Research Center for Hokkaido Region (Saito et al. 1991) .
Simple sequence repeat (SSR) markers were also used in the analysis. Those with the prefix RM were developed by Wu and Tanksley (1993) , Chen et al. (1997) and Temnykh et al. (2000) , while those with the prefix OSR were developed by Akagi et al. (1996) . A polymerase chain reaction (PCR) was carried out in 10 µl of a reaction mixture containing 0.2 µM of each primer, 100.0 µM deoxyribonucleotides, 50 mM KCl, 10 mM Tris-Cl (pH 8.3), 1.5 mM MgCl 2 , 0.001 % gelatin, 10 ng template DNA, and 0.2 units of AmpliTaq Gold DNA polymerase. The PCR profile was as follows: 94°C for 4 min (denaturation), followed by 45 cycles of 94°C for 30 sec, 55°C for 30 sec, 72°C for 1 min, and a final extension step at 72°C for 7 min. The PCR was performed using the GeneAmp PCR System 9700. An alignment of six microliters was electrophoresed on 4 % NuSieve 3 : 1 agarose (FMC, Rockland, Maine, USA), and polymorphism was detected by ethidium bromide staining.
Map construction
A linkage map was constructed using MAPMAKER/ EXP 3.0 (Lincoln et al. 1992a) . Linkage groups were generated with a LOD score of 3.0 and a recombination fraction of 0.37 using the "group" command. The order of the linkage groups was determined by using "compare", "try" and "ripple" commands. The "order" and "ripple" commands were used to order all the markers on each linkage group. When linkage groups contained too few markers for the "order" command, the "compare" and "ripple" commands were used.
QTL analysis
Interval mapping was performed by using MAPMAKER/ QTL 1.1 (Lincoln et al. 1992b) . A LOD value above 2.4 was considered to indicate the presence of QTLs because the LOD value of 2.4 corresponds to 0.00397 of the genomewide type I error rate (Zeng 1994 , Basten et al. 1997 , Piepho 2001 . The variance explained by a QTL and the total variance explained by all the QTLs were calculated by using MAPMAKER/QTL 1.1. Single-marker analysis by ANOVA with StatView 5.0 (SAS Institute Inc.) was conducted for confirmation of the validity of the QTLs. The difference between mean TFSPs in genotypic classes of the markers was determined by the t-test.
Results
DNA markers with polymorphism detected
A total number of 586 RFLP and 219 SSR markers were used to detect polymorphism between the parents. One hundred and twenty-two RFLP markers (20.8 %) and 49 SSR markers (22.4 %) were polymorphic. The rates of polymorphic markers varied with the chromosomes, the rates for chromosomes 2 and 5 (10.0 % and 13.8 %, respectively) being the lowest, and the rates for chromosomes 8 and 11 (38.0 % and 37.7 %, respectively) being the highest.
Linkage map
A linkage map consisting of 16 linkage groups and covering 1354.4 cM with a total number of 122 markers was constructed (Fig. 1) . Few markers were observed on chromosomes 2, 5 and 9 owing to the lower polymorphism between the parents, and there were several gaps even on the other chromosomes. For example, there was no polymorphic marker between RM220 and R494 on chromosome 1, on which 22 available markers had been screened for polymorphism. We also failed to detect any polymorphic marker between XNpb345 and C563 on chromosome 3, between G122 and XNpb228 on chromosome 6 and between OSR30 and C483 on chromosome 8. The orders of RFLP markers on the map almost coincided with those on published maps (Causse et al. 1994 , Harushima et al. 1998 .
Phenotypic variation
The parental varieties, Kunmingxiaobaigu and Towada, are both temperate japonica rice varieties. The F 1 plants between the varieties were fertile, suggesting the compatibility of the parents. Cold tolerance at the reproductive stage of Kunmingxiaobaigu is higher than that of Towada (Dai et al. 1999b) . The TFSPs of the parents and frequency distribution of the TFSPs in the populations are shown in Table 1 and Figure 2 , respectively. The distribution of the TFSPs was continuous, reflecting the quantitative inheritance of the trait. Correlation coefficient between growing days and TFSP in the F 2 was 0.0195, showing that TFSP was not correlated with heading date (Fig. 3) .
QTL analysis
Nine QTLs related to cold tolerance in the F 2 were detected by interval mapping, as shown in Table 2 . The nine QTLs were distributed on chromosomes 1 (2 QTLs), 3, 4, 6 (2 QTLs), 7, 10 and 12 (Fig. 1) . The variance explained by a single QTL ranged from 5.0 % to 37.8 %. The nine QTLs explained 54.2 % of the total variance in the F 2 . However, the dominant effect on chromosome 10 indicated that the TFSP of the heterozygotes for the QTL on chromosome 10 was lower than that of the parents. Moreover, the additive effect of the QTL on chromosome 10 was smaller than that of the other QTLs. These results indicate that the QTL on chromosome 10 was not important for cold tolerance.
We conducted single-marker analysis in order to confirm the validity of the QTLs detected on chromosomes 1, 3, 4, 6, 7 and 12 (Table 3 ). The flanking markers that were significantly associated with TFSP in the F 2 were used. The markers flanking the QTLs RM170-RM204 on chromosome 6 and RM182-R1789 on chromosome 7 were significantly associated with TFSP also in the F 3 . As for the QTLs C563-RG391 on chromosome 3 and R1954-RM253 on chromosome 6, one of the flanking markers was significantly associated with TFSP unlike the other was not. However, the markers on chromosomes 1, 4 and 12 were not associated with TFSP in the F 3 . Based on these results, we concluded that there were 4 QTLs on chromosomes 3, 6 (2 QTLs) and 7, designated qRCT3, qRCT6a, qRCT6b and qRCT7, respectively (Fig. 1) . 1997 1999 Kunmingxiaobaigu 82.3 % ± 6.5 72.7 % ± 7.0 Towada 5.7 % ± 3.7 26.3 % ± 7.7 Populations (F 2 /F 3 ) 3 9 . 1 % ± 22.4 (F 2 ) 65.0 % ± 11.2 (F 3 ) 1) Total fertile spikelet percentage 
Discussion
In the sterility caused by low temperature, the growth stages sensitive to cold are the booting stage and the flowering stage (Tanno et al. 2000) . However, in previous studies, cold tolerance was analyzed only at the booting stage for technical reasons (Takeuchi et al. 2001, Andaya and Mackill 2003) . In the present study, we analyzed the cold tolerance at the reproductive stage, including the booting stage and the flowering stage, of rice growing under the natural cool weather conditions of a highland, and we identified 4 QTLs for cold tolerance on chromosomes 3, 6 and 7. Futsuhara and Toriyama (1966) reported that the locus sd 2 (responsible for ebisu dwarf) was associated with cold tolerance at the booting stage, and sd 2 has recently been mapped on the short-arm end of chromosome 1. Andaya and Mackill (2003) reported the presence of a QTL for cold tolerance on the short-arm of chromosome 1. We also detected the QTL on the short arm of chromosome 1, although we could not confirm the validity of the QTL by single-marker analysis in the F 3 .
We detected the QTL qRCT3 on chromosome 3. Since the closest marker, C563, located on the short arm of chromosome 3 (Harushima et al. 1998) , it is possible that qRCT3 located on the short arm. Andaya and Mackill (2003) also detected the QTL qCTB3 on chromosome 3. However, it was mapped in the centromeric region. Therefore, qRCT3 appears to be different from qCTB3. Andaya and Mackill (2003) reported the existence of the QTL qCTB6, which is close to qRCT6b. However, qCTB6 is the locus for spikelet development under low temperature conditions. Since spikelet development was not significantly inhibited in our study, it is likely that qRCT6b is different from qCTB6. Based on our knowledge, no QTL in the region including qRCT6a has been reported. Therefore, the two QTLs on chromosome 6 for cold tolerance were reported here for the first time. Takeuchi et al. (2001) detected the QTL qCT-7 between S1563 and W146 on chromosome 7. We detected the QTL qRCT7 between RM182 and R1789 on chromosome 7. The genetic distance between S1563 and R1789 is 16.9 cM (Harushima et al. 1998) , indicating that qRCT7 is close to qCT-7. Therefore, it is possible that qRCT7 and qCT-7 are the same locus. In our study, it was shown that cold tolerance conferred by qRCT7 is a recessive trait. This is surprising because cold tolerance has generally been considered to be an incompletely dominant trait (Futsuhara and Toriyama 1966) . Dominant effect of qCT-7 has not been determined because doubled-haploid lines were used in the analysis. The values of phenotypic variance explained by qRCT7 and qCT-7 were 20.6 % and 22.1 %, respectively, indicating a large effect of the QTLs. Therefore further characterization of QTLs on chromosome 7 would provide useful information for cold tolerance breeding.
The results of QTL analyses of temperate japonica varieties indicated that there is a wide variation in the QTLs for cold tolerance. Moreover, it has been shown that some tropical japonica varieties harbor different QTLs for cold tolerance (Saito et al. 1995) . Combining the QTLs based on marker-assisted selection may provide a breakthrough in cold tolerance breeding. 
